In the vision of intelligent transportation, vehicles are expected to feature with advanced applications, such as automatic road enforcement, dynamic traffic light sequence, and autonomous driving. Therefore, real-time and fast dynamic information exchanges are required, and vehicle-to-everything (V2X) communications are highly demanded. In this work, the channel characteristics of vehicular communication are analyzed in the millimeter-wave (mmWave) band at 22.1-23.1 GHz. Specifically, two types of links (the satellite link and the terrestrial link) are considered in urban and highway scenarios with different weather conditions. The ray-tracing simulator together with calibrated electromagnetic parameters is employed to practically generate wideband channels. The key channel parameters of each link including the received power, Rician K -factor, root-mean-square delay spread, and angular spreads are explored. The co-channel interferences between the two links are analyzed as well. The observations and conclusions of this work can be useful for the design of V2X communication technologies. (ETRI), where he is currently the Principal Researcher. His career at ETRI began with optical communications, and moved on to mobile and wireless communication systems, in 2005. He was involved in research projects related to LTE and LTE-Advanced, from 2006 to 2010. His recent research interests are in 5G with a special emphasis on high data-rate services for passengers on public transportation, such as the buses, subway, and bullet trains.
I. INTRODUCTION
Vehicular communications are critical to intelligent transportation to enhance road safety, improve traffic efficiency, realize autonomous driving, and provide rich on-board information and entertainment services. Vehicle-to-everything (V2X) communications refer to the information exchange between the vehicle and various elements that can be on the ground and in the air (or space), hence they are very likely to enable the aforementioned services.
Vehicle-to-vehicle (V2V), vehicle-to-infrastructure (V2I), and vehicle-to-pedestrian (V2P) communications [1] are The associate editor coordinating the review of this manuscript and approving it for publication was Kai Li . typical V2X terrestrial links. Currently, there have been many related researches and even standardized technologies in this area. For instances, Dedicated short-range communication (DSRC) [2] is proposed to support V2I and V2V communications at 5.9 GHz. The maximum communication distance can reach 1000 m, and the reported data rate ranges from 2 Mbps to 6 Mbps [3] . Long Term Evolution-Advanced supports V2V communication in the device-to-device (D2D) mode with a data rate up to 1 Gbps, whereas the practical rates might be limited to several Mbps because of inaccurate channel state information (CSI) [4] , [5] . Vehicle-to-airship and vehicle-to-satellite communications are typical V2X links over the air. Since the middle of the 1970s, the research and development activities on satellite communication VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ technology for mobiles such as vehicles, ships, aircraft, and land mobiles have been continued in many countries and organizations [6] . Efficiency and security are the advantages of such links, but the cost is still high. EU 5GPPP Phase 2 SAT5G project proposed network architecture for the fifth-generation mobile communications empowered by satellite links to support emerging mobile video delivery (HTS) [7] with lower cost and energy consumption. It is foreseen that V2X networking can achieve much wider coverage and higher reliability by integrating the satellite link and terrestrial links. Furthermore, V2X communications are calling for the transmission of larger amounts of data with reduced latency [8] . Capable of providing Gbps data rates, the millimeter-wave (mmWave) band with GHz bandwidth is becoming one of the key means to realize the vision of intelligent transportation [9] . With this attempt, the 3rd Generation Partnership Project (3GPP) Technical Report (TR) 37.885 [10] proposed 30 GHz and 63 GHz as the candidate mmWave frequencies for V2X communications, and the recommended bandwidth is 200 MHz. Moreover, the Electronics and Telecommunications Research Institute (ETRI) in South Korea has recently embarked on a new project that aims to develop a Moving Network (MN) system providing broadband mobile wireless backhaul (MWB) between the base station (BS) and vehicles using Flexible Access Common Spectrum (FACS: 22-23.6 GHz) [11] . Meanwhile, satellite communications have also shown great interest in the mmWave bands, especially the Ka-band (30/20 GHz). As for now, the International Telecommunication Union (ITU) Radio Regulation and Nigerian Communications Commission (NCC) have already allocated Ka-band to fixed-satellite service (FSS), fixed service (FS) and High-density FSS (HDFSS). With the increasing demands on frequency resources, the spectrum sharing between the satellite and terrestrial communication systems becomes prominent, especially when it comes to the mmWave band [12] .
Compared to the sub-6 GHz band, mmWave communications bring new challenges, such as high propagation attenuation, directivity, and sensitivity to blockage. As the wavelength approaches the diameter of raindrops at the mmWave band, the excess attenuation by rain cannot be neglected. The excess propagation attenuation by atmospheric absorption, clouds, and tropospheric scintillation should be also taken into consideration for satellite communications. Therefore, understanding the mmWave channel for typical V2X links in various environments is important. Although the estimation of these excess attenuations is given by the Radiocommunication Sector of the International Telecommunication Union (ITU-R) P.618-13 [13] , the current V2X channel measurements and characterizations are mainly for sub-6 GHz [14] . The author in [15] presents a multipath measurement for vehicle-to-infrastructure and vehicle-to-vehicle in expressway environment at 5.9 GHz band. The measurement results are proposed for the characteristics of the wide-band channel at the expressway. Based on RT simulations, the channel characterization for V2V communication in urban sloped terrain at 5.22 GHz is studied in [16] . Although there are 60 GHz preliminary propagation measurements in a cellular point-to-point outdoor environment and vehicle scenarios at 28 GHz and 60 GHz [17] - [19] , further analysis of V2X communications are still required in more mmWave bands.
In this paper, the channel characteristics of the vehicle-tosatellite link and the V2I link are studied in the mmWave band at 22.1-23.1 GHz, which is also focused by the FACS. More specifically, the target links are considered in urban and highway scenarios with different weather conditions. The ray-tracing (RT) simulator together with calibrated electromagnetic (EM) parameters is employed to realize practical channels. The key channel parameters of each link including the received power, Rician K-factor (KF), root-meansquare (RMS) delay spread (DS), and angular spreads are explored. The co-channel interferences between the two links are analyzed as well. The observations and conclusions of this work can be useful for the design of V2X communication technologies.
For clarity and simplicity, the vehicle-to-satellite link and the V2I link are defined as satellite link and terrestrial link in this work. The rest of this paper is organized as follows: Section II introduces the urban and highway scenarios and the simulation configurations. Section III details the excess attenuation caused by atmospheric absorption, raindrops, clouds, and tropospheric scintillation in the mmWave band. In Section IV and Section V, all the channel parameters for the satellite link and terrestrial link and the interference between them are analyzed in the urban and the highway scenarios, respectively. Finally, conclusions are drawn in Section VI.
II. PRELIMINARIES
In this section, the configurations of both the satellite links and the terrestrial links are detailed. The considered urban and highway communication environments are modeled, and related definitions are provided as well.
A. DEFINITION OF THE CONSIDERED LINKS
The satellite links and the terrestrial links will result in two main channels and two interference channels as presented in Fig. 1 . Their definitions are detailed as follows:
• SA2SaUE: the satellite carrier link, which is between the satellite (SA) and the satellite user equipment (SaUE). In this work, the downlink communication is considered. Therefore, the transmitter (Tx) is deployed on the satellite, and the receiver (Rx) is the SaUE on the bus, with the elevation angle of −45 • . The bus is modeled and demonstrated in Fig. 2 (a).
• BS2TeUE: the terrestrial carrier link, which is between the BS and terrestrial UE (TeUE). The Tx is the BS, and the Rx is the TeUE on the same bus, with the elevation angle of −90 • (see Fig. 2(b) ). • SA2TeUE: the satellite interference link, and it is between the satellite (Tx) and the TeUE (Rx).
• BS2SaUE: the terrestrial interference link, and it is between the BS (Tx) and the SaUE (Rx).
B. MODELING OF ENVIRONMENTS
RT simulation is influenced by the three-dimensional (3D) environment modeling, propagation modeling and EM properties of the material. The 3D environment models can be either obtained from open-access database like OpenStreetMap (OSM), or manually reconstructed by using Computer-Aided Design (CAD) tools such as AutoCAD and SketchUp. In this work, the urban scenario and highway scenario are considered:
1) URBAN SCENARIO
A typical four-lane street near the Gangnam district of Seoul city is considered as a good example of typical urban scenario. The 3D geometrical information of the target area can be obtained from OSM and reconstructed for RT simulation by using a self-developed plugin (available on http://www.raytracer.cloud/software). The OSM data mainly contains information about buildings and streets. As can be seen in Fig. 3 , there are more than thirty buildings of different sizes in the model. The length of the modeled street is around 600 m. However, the urban furniture such as trees, traffic lights and traffic signs that are also important to radio propagation [20] are still missing from the OSM data. Therefore, they are reconstructed manually in this work and added to the basic OSM model (see Fig. 4 ). For clarity, Table 2 summarizes the main structures and their typical materials. 
2) HIGHWAY SCENARIO
As the structural details of highway are not available in OSM, this scenario is reconstructed manually by using SketchUp according to construction regulation (see Fig. 5 ). It is mainly composed of the concreting guardrail in the middle, metallic noise barriers and metallic traffic signs at both sides of the road. 
C. STUDY CASES
As aforementioned, not only different scenarios are considered, but also different weather conditions (rainy and sunny days) are considered in this work. Therefore, a total of 16 cases are taken into account in this work as summarized in Table 1 . ''I'' indicates whether a case is for interference analysis, R and S are short for rainy day and sunny day, respectively. Table 2 summarizes simulation configurations and the aforementioned materials in both scenarios. The target frequency VOLUME 7, 2019 [21] . For the terrestrial link, the Rx pattern is the same as the Tx pattern (see Fig. 7 ). Compared with the terrestrial link, the half-power beamwidth of Tx and Rx of the satellite link are smaller, while the antenna gain and the transmitting power are significantly larger to guarantee connectivity. The considered propagation mechanisms include line-ofsight (LOS) propagation, reflection, scattering, diffraction, and transmission. Table 3 summarizes EM parameters of the involved materials for corresponding propagation mechanisms except for LOS propagation. ε r is the real part of the relative permittivity, tanδ is the loss tangent, S and α are the scattering coefficient and scattering exponent of the directive scattering model [23] . Particularly, the parameters of wood are calibration in [24] , [25] and the parameters of concrete are calibration in [26] . The EM parameters of the other materials have been measured in the lab and provided on the website http://raytracer.cloud. The RT simulator employed in this study has been justified by extensive measurements in our preliminary work, e.g., [16] , [20] , [26] . Thus using the same RT, we can further conduct realistic simulations with various Tx/Rx deployments in this study.
D. SIMULATION CONFIGURATIONS

III. MAIN INFLUENCE OF WEATHER
According to the existing studies in ITU-R P.618-13 [13] , the atmospheric absorption, rain, clouds, and tropospheric scintillation are the main reasons for the excess propagation attenuation of the satellite link. The total excess attenuation is modeled as:
A G is atmospheric absorption attenuation, and it varies mainly with frequency, elevation angle, and the composition of the air [13] . By considering the configurations of this work, we have A G = 0.71 dB.
A R is the rain attenuation that varies with rainfall rate R, frequency, satellite elevation angle, and heights (topographical height of earth surface, mean annual 0 • isotherm height and mean rain height) above the sea level. R measures the amount of rain that would fall over a given interval of time. Usually speaking, the maximum R in 99.99% of the year is a typical evaluation value for calculating A R [13] . In the region of Seoul city, R = 60.724 mm/h [27] , the topographical height of earth surface is 0.12 km [28] , the mean annual 0 • isotherm height is 3.69 km and the mean rain height is 4.05 km [29] . Accordingly, the maximum rain attenuation of Seoul city in 99.99% of the year is A R = 30.02 dB.
A C stands for the clouds attenuation, which is resulted from the small particles in the clouds. According to ITU-R P.840-7 [30] , A C varies with the total columnar content of cloud liquid water L red reduced to a temperature of 273.15 K. As the maximum L red in 99.9% of the year in Seoul city is 3.3774 kg/m 2 , we have A C = 2.17 dB.
A S is the tropospheric scintillation attenuation that causes rapid fluctuation of signal amplitude and phase in satellite link. A s increases with the frequency and the propagation distance. In addition, it is well correlated with the wet term of the radio refractivity N wet , which depends on the water vapor content of the atmosphere. Based on ITU-R P.453-13 [31] , the maximum N wet in 99.9% of the year is 143.90 ppm in Seoul, we have A S = 0.76 dB. By substituting these values to (1), we have the maximum A T ≤ 32.90 dB in 99.9% of the year for the links with satellite involved.
For the terrestrial link, the calculation of A R can be found in ITU-R P.530-17 [32] . Different from the satellite to ground links, A R is dependent on distance, frequency and rainfall rate. A G , A C and A S are ignored. In this work, the rainfall rate in 99.99% of the year used for the terrestrial link is 60.724 mm/h, which is the same as for the satellite link. As the maximum terrestrial link length is around 0.584 km, we have the maximum A R ≤ 8.11 dB in 99.9% of the year.
In order to consider the influence of weather conditions in the RT, (1) is implemented and A T is calculated for each traced ray during the simulation procedure. As a result, the channel transfer function H (f ) at frequency f is expressed as the coherent sum of different multi-path components H i (f ) coupling with the polarimetric Tx and Rx antenna radiation patterns (G tx , G rx ):
H n (f ) = A T linear a n (f )e jϕ n (f )
where a n is the amplitude of ray n, ϕ n is the phase of ray n, A T linear is the linear scale of A T for ray n.
IV. KEY CHANNEL PARAMETERS FOR EXTENSIVE SIMULATIONS
By considering different scenarios with different weather conditions, extensive RT simulations are conducted. Based on which, the mmWave channel characteristics of the satellite link and the terrestrial link can be analyzed. Specifically, the key parameters, including the received power, DS, KF, azimuth angular spread of arrival/departure (ASA/ASD), and elevation angular spread of arrival/departure (ESA/ESD), are studied in this section.
A. RECEIVED POWER
Based on Section III, the minimum received power of each link can be obtained by considering the maximum excess attenuation of the year. The results of both links are shown in Fig. 8 and Fig. 9 . As expected, the received powers in rainy day are lower than that in sunny day for all the cases. Moreover, as the distance between the Tx and Rx of the terrestrial link is much shorter than that of the satellite link, the excess attenuation of the terrestrial link is significantly smaller. In all cases, deep fading is caused by the blockage of traffic lights on the road. Due to the geometric relationships between the obstacles and the Tx and Rx positions have changed, the positions of the deep fading are not the same.
In the cases of ''Highway-BS2SaUE'' and ''Highway-BS2TeUE'', when the distance between Tx and Rx is relatively short (distance < 100 m), the received power is relatively low (see Fig. 9(b) and (d) ). Due to the limitation of the highway scenario, the Tx is usually placed on both sides of the road. As the Tx beam point to the far end of the simulated route, the Rx not always being in the main lobe of the Tx, during the process of the Rx passes and gradually moves away from the Tx. In the urban scenario, where the Tx is usually deployed on a building, there is normally quite a distance between the building and the street. Therefore, the distance between the Tx and the Rx is sometimes not as close as that in the highway scenario. This characteristic is also corresponding with Fig. 9 . In the urban scenario, the distance between Tx and Rx can be around 100 m to 600 m, while in the highway scenario, the distance between Tx and Rx can be around 10 m to 500 m.
B. RMS DELAY SPREAD
RMS delay spread is used to quantify the dispersion effect due to multipath propagation in the time delay domain. It is defined as the square root of the second central moment of the power delay profile (PDP) [33] :
where σ τ denotes the RMS delay spread, P n and τ n denote the power and the excess delay of the n-th multipath, respectively.
Because the variation of rain attenuation is not very sensitive to the variation of propagation distance, the values of the excess attenuation are very similar for all the multipath components (MPCs) in the same link. As a result, the dispersion relationships of MPCs delays are similar between rainy day and sunny day. For the same reason, KF and angular spreads in different weather conditions are also similar. Therefore, the DS, KF and angular spreads in the rainy day are analyzed for succinctness. The statistical properties of the channel parameters, including their mean value and standard deviation are compared as well. In the following analysis, µ DS , µ KF , µ ASA , µ ASD , µ ESA , µ ESD represent the mean values of DS, KF, ASA, ASD, ESA, ESD, respectively. σ DS , σ KF , σ ASA , σ ASD , σ ESA , σ ESD represent the standard deviations of DS, KF, ASA, ASD, ESA, ESD, respectively.
The cumulative distribution functions (CDFs) of the DSs of both links are shown in Fig. 10 and Fig. 12 , respectively. µ DS and σ DS of each case are listed in Table 4 . For the satellite links, there is no big difference between the case ''Urban-SA2SaUE-R'' and ''Urban-SA2TeUE-R''. In these two cases, µ DS are less than 3 ns with a 90% probability, which means that most of the strong MPCs are concentrated around the LOS ray in the delay domain. It is due to the scattered rays are mainly generated on the top of the vehicles (see Fig. 11 ). With a similar reason, µ DS of the highway scenario is similar to the urban scenario. For the terrestrial links, both in the urban and highway scenarios, the large DS value is because of the significantly reflected ray from the distant metallic traffic light or sign (see Fig. 13 and Fig. 14) . When there are more moving vehicles on the road, the results may be different.
C. RICIAN K -FACTOR
The Rician K -factor is a significant indicator of how the multipath components dominate the power contribution, which is defined as the ratio of the power of the strongest component to the power of the sum of the remaining components in the received signal [34] . The expression is shown as follows:
KF (dB) = 10 · log 10 ( P strongest P remaining )
where KF denotes the Rician K -factor, P strongest and P remaining denote the power of the strongest component and the power of each remaining components, respectively. µ KF and σ KF of all the cases are summarized in Table 5 and the CDFs are compared in Fig. 15 and Fig. 16 . For the satellite link, µ KF of both urban and highway scenarios are around 55 dB, indicating that the LOS ray contributes more significantly than the other rays. For the terrestrial links, µ KF in the urban scenario is around 26 dB, which is smaller than that in the satellite links. Because in these cases, there are more MPCs scattered from the building surfaces and ground, which results in an increasing P remaining (an example snapshot is shown in Fig. 17 ). In the highway scenario, µ KF is smaller than in the urban. This is because a strong path reflected from the metallic noise barrier in the highway, resulting in a strong MPC and a relative small µ KF value (see Fig. 18 ). 
D. ANGULAR DOMAIN
Based on the 3GPP definition, the conventional angular spread calculation for the composite signal is given by
θ n,µ 2 · P n N n=1 P n (6) where σ AS denotes the angular spread, P n denotes the power of the n-th multipath, and θ n,µ is defined by:
µ n is defined as:
and θ n is the angle of arrival/departure of the n-th multipath.
The angular spreads values of each case can be found in Table 6 . Generally speaking, for the satellite links in the urban or highway scenario, the mean values of angular spreads (ASA, ASD, ESA, ESD) are very small, even close to 0 • . This indicates that in these links, the MPCs are mainly concentrated in the LOS direction.
For the terrestrial links, the mean values of ESD and ESA are lager than ASD and ASA in the urban scenario, implying that most of the MPCs come from the elevation direction. This truthfully reflects the fact that a large number of strongly reflected rays are mainly from the ground, while scattering occurs mostly on the surface of buildings on both sides of the road (see Fig. 19 ). Moreover, in the highway scenario, the mean values of ASD and ASA are larger than ESD and ESA. The metallic noise barrier of the highway always causes the strongly reflected ray, which results in powerful MPCs in the horizontal direction.
V. CO-CHANNEL INTERFERENCE ANALYSIS
Frequency reuse and interference are a set of indivisible themes. Due to the fact that the satellite links and the terrestrial links use the same spectrum in this study, co-channel interference exists between these two links. Co-channel interference means the carrier frequencies of the desired signal and the interference signal are the same and are received by the receiver without discrimination, which increases the difficulty in detecting the desired signal.
Totally 4 cases are summarized in Table 7 for clarity. The carrier-to-interference ratio (C/I) in the table is the quotient between the carrier received power and interference received power, and the results of C/I for all cases are shown in Fig. 20 and Fig. 21 . Fig. 20 shows C/I of BS2SaUE link interference to SA2SaUE link in different weather conditions. Since the rain attenuation in SA2SaUE link is larger than in the BS2SaUE link, therefore, the C/I on the rainy day is smaller than on the sunny day. Obviously, the C/I is often less than 0 dB on sunny or rainy days. Fig. 21 shows C/I of SA2TeUE link interference to BS2TeUE link in different weather conditions. Since the rain attenuation in SA2TeUE link is larger than in the BS2TeUE link, therefore, the C/I on the rainy day is larger than on the sunny day. Both in urban and highway scenarios, it is larger than 20 dB in different weather conditions. This indicates that the satellite interference link (Sa2TeUE) has trivial influence on the terrestrial carrier link (BS2TeUE), but the impact of the terrestrial interference link (BS2SaUE) on the satellite carrier link (SA2SaUE) is significant. Therefore, it is not recommended here that the terrestrial links share the same frequency spectrum with the satellite links of vehicular communication.
VI. CONCLUSION
In this paper, the channel characteristics of the satellite link and terrestrial link are studied in the mmWave band (22.1-23.1 GHz). For the target links in the urban and highway scenarios, not only the impact in different weather conditions (rainy and sunny days) are considered but also the interference between the two links is evaluated. The key channel parameters of each link are extracted and analyzed from the simulations. A series of findings in this study are summarized as follows:
For the satellite link of vehicular communication, the maximum excess attenuation including the atmospheric absorption, rain, clouds, and tropospheric scintillation is 32.90 dB in 99.99% of the year. For the terrestrial link, only the excess attenuation due to rain is considered. As the maximum terrestrial link length is around 0.584 km in this work, the rain attenuation is not larger than 8.11 dB in 99.99% of the year.
By analyzing the received power of the satellite links, the LOS ray contributes more significantly compared to the other multipath components. Compared to the received power of the terrestrial links, the rain attenuation has a relatively large influence on the satellite links. In addition, the channel parameters such as DS, KF, and angular spreads in the rainy days are the same in the sunny day. However, the influence of some small-scale objects such as traffic lights and traffic signs should not be neglected for channel characterizations.
As the satellite link and the terrestrial link use the same spectrum, co-channel interference exists between these two links. The interference from the satellite has trivial influence on the terrestrial carrier link, but the impact of the terrestrial interference link on the satellite carrier link is significant.
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